and Asan Medical Center (AMC), along with 4 reference strains, we selected the 31 single-or multidrug-resistant strains. e susceptibility of the H. pylori strains to seven antibiotics (clarithromycin, metronidazole, levofloxacin, amoxicillin, tetracycline, rifabutin, and furazolidone) and minimum inhibitory concentration were tested using the broth microdilution technique. Results. Among 31 antibiotic resistance strains for H. pylori, there were no strains resistant to rifabutin or furazolidone, which had MICs of <0.008 and 0.5 μg/mL, respectively. Only one tetracycline-resistant strain was found (MIC < 2 μg/mL). Amoxicillin and levofloxacin were relatively less effective against the H. pylori strains compared to rifabutin or furazolidone (resistance rates 22.6%, 1.9%, respectively). Tetracycline showed the relatively low resistance rates (3.2%) for H. pylori strains. Conclusions. erefore, along with tetracycline which has already been used as a component for second-line eradication regimen for Helicobacter, rifabutin and furazolidone, alone or in combination, could be used to eradicate antibiotic-resistant H. pylori strains where drug-resistant Helicobacter spp. are increasing.
Introduction
Helicobacter pylori infection is responsible for the development of chronic atrophic gastritis, peptic ulcer disease, and gastric malignant neoplasms such as gastric adenocarcinoma and mucosa-associated lymphoid tissue lymphoma [1, 2] . H. pylori is recognized as a Class I carcinogen by the International Agency for Research on Cancer and the World Health Organization [1] [2] [3] . e eradication of antibiotic-resistant H. pylori is a global health issue [4] .
However, multidrug-resistant (MDR) strains of H. pylori have been increasing worldwide due to the increased use of antibiotics [1, 2, [4] [5] [6] [7] [8] [9] . In Korea, the rate of H. pylori eradication has declined steadily in recent decades as a result of increasing resistance to antibiotics, especially dual resistance to clarithromycin and metronidazole [10] [11] [12] which has resulted from the increased clinical use of macrolides and metronidazole [13, 14] . In Korea, including Incheon and Seoul where this study was conducted, the rate of resistance of H. pylori to clarithromycin has surpassed 15% [15] [16] [17] . Several reports suggest that 9.6% of the strains in Korea show dual resistance to clarithromycin and metronidazole [7] . Because the primary failure rate of H. pylori eradication has been increasing [12, 13, 18, 19] , realworld antimicrobial resistance data are needed to improve therapeutic outcomes. However, there are little recent data on in vitro antimicrobial effectiveness in Korea. Indeed, there is no consensus on the optimal rescue therapy for second-line eradication failure. Although the Maastricht V consensus recommended fluoroquinolone-containing therapy as first-or second-line treatment after failure of triple or nonbismuth quadruple therapy, this cannot be applied in Korea because of the increased rate of quinolone resistance [20] .
erefore, we conducted this real-world updated analysis of the in vitro antibacterial efficacy against MDR H. pylori.
e 2013 revision of the Korean Clinical Practice Guideline for H. pylori recommends triple therapy with a proton pump inhibitor (PPI), amoxicillin, and clarithromycin or a bismuth-based quadruple regimen if clarithromycin resistance is suspected [10, 21] . With the failure of first-line therapy, bismuth-based quadruple therapy or a regimen including two or more other antibiotics could be considered [21] . Although levofloxacin-and rifabutin-based triple therapy have been suggested for rescue therapy, there is no consensus on their use in Korea.
erefore, it is necessary to identify antibiotics effective against antibioticresistant H. pylori [22] . e Maastricht V/Florence guideline recommends culturing H. pylori, testing for antimicrobial susceptibility and selecting antibiotics based on the results of resistance tests [23] . However, there are limited data on antimicrobial agents that are effective against antibioticresistant H. pylori in Korea.
erefore, this study investigated the antimicrobial activity of rifabutin, furazolidone, and other antibacterial agents as candidates for treating antibiotic-resistant H. pylori strains especially focusing on the multidrug-resistant H. pylori.
Patients and Methods

Institutional Review Board Approval.
e Institutional Review Boards of Gil Medical Center (GMC) and Asan Medical Center (AMC) reviewed the study protocol (certification number: GAIRB2016-329).
Patient Characteristics.
is study examined 4 reference strains and 31 strains isolated from patients at GMC (n � 15) and AMC (n � 16) in 2016. We retrospectively reviewed the data of cultures for Helicobacter pylori (H. pylori) up to 2016 from Helicobacter pylori Registry in GMC and AMC. We analyzed and tested the candidate helicobacter antibiotics including amoxicillin, clarithromycin, metronidazole, levofloxacin, and tetracycline from the strains of H. pylori. Patients' clinical data such as initial presentation of symptoms, reasons for endoscopy, antibiotics uses history, and reasons for cultures of H. pylori were retrospectively reviewed in GMC and AMC. Culture reasons for Helicobacter spp. for patients were as follows: (1) patients who have reported several antibiotics experiences or admission to hospital histories in 3 years, (2) first-line or second-line treatment failures, and (3) other clinically suspected medical condition of drug resistance, such as patients with old age more than 65 years who have had more chance to exposure into several antibiotics, or patients with severe comorbid conditions such as congestive heart failure, liver cirrhosis, renal failure, autoimmune disorders, pulmonary disease, and so on.
H. pylori Strain Isolation.
Mucosal tissues collected from the gastric antrum of each patient were used to isolate H. pylori. To isolate the bacteria, the tissues were placed in an aseptic Petri dish, then crushed using a surgical knife and cultivated in Brucella broth agar, and supplemented with 5% sheep blood containing vancomycin (10 μg/mL), trimethoprim (5 μg/mL), amphotericin B (5 μg/mL), and polymyxin B (2.5 IU). ese were cultured at 37°C under microventilation conditions (5% O 2 , 10% CO 2 , and 85% N 2 ). e colonies obtained from the initial cultures were confirmed to be H. pylori using Gram staining and biochemical methods. Each strain identified as H. pylori was stored at −70°C in Brucella liquid medium (Difco Laboratories, Detroit, MI, USA) containing 15% glycerol. Shortly before the subsequent experiments, they were melted, multiplied, and used.
H. pylori Antimicrobial Susceptibility Testing.
e minimum inhibitory concentrations (MICs) of the following antimicrobial agents were tested: clarithromycin (Abbott Laboratories, Abbott Park, IL, USA), amoxicillin, metronidazole, tetracycline, levofloxacin, rifabutin, and furazolidone (all from Sigma Chemical Co., St. Louis, MO, USA).
Culture
Conditions. To test the MICs of H. pylori, we used the agar dilution method recommended by the Clinical and Laboratory Standards Institute (CLSI) [24] , an internationally recognized antimicrobial susceptibility testing laboratory, using Mueller-Hinton agar (Difco Laboratories, Detroit, MI, USA) supplemented with 5% defibrinated sheep blood. e medium was sterilized by autoclaving, and each antimicrobial agent was serially diluted in medium supplemented with 5% sheep blood (Comed, Seoul, Korea), which was collected within 2 weeks of birth and cooled to 80°C. en, the suspension of H. pylori strains (1 × 10 7 colony-forming units) was cultured in blood culture medium for 72 hours and inoculated on Mueller-Hinton agar containing an antimicrobial agent using a micropipette.
is was incubated at 37°C for 3 days under microventilation conditions, and the presence of bacterial colonies was observed. Each experiment was performed in triplicate, and experiments were repeated at least three times per strain.
Antimicrobial Resistance Criteria.
e MIC was defined as the minimum dilution concentration of the antimicrobial agent that did not produce bacterial colonies. e criterion for resistance to each antimicrobial agent was set to MIC >1 μg/mL, as given in the CLSI for resistance to clarithromycin [24, 25] . e resistance criteria for antimicrobial agents were set to greater than 0.5 μg/mL for amoxicillin [7] , 8 mg/mL for metronidazole [7] , 4 μg/mL for tetracycline [7] , 1 μg/mL for levofloxacin antibiotics [26] , 0.25 μg/mL for rifabutin [7, 27] , and 4 μg/mL for furazolidone [7, 28] . Resistance to two or more antimicrobials was defined as multidrug resistance (MDR) [29] . For quality control, H. pylori strain (ATCC 43504), which is used as a standard strain in CLSI, was selected [24] .
Results
Characteristics of the Study Population.
e mean age of the study population was 58.2 ± 10.3 years, and 41.9% (n � 13) were more than 65 years. Reasons for endoscopy of study populations were as follows: (1) patients who received endoscopy for routine health checkup (n � 15) or (2) patients with gastrointestinal symptoms such as dyspepsia, regurgitation, or pain (n � 16). e most common reason for eradication was peptic ulcer disease (n � 15, 48.4%) ( Table 1) .
Characteristics of the Isolated Strains of H. pylori.
Of the 31 isolated strains, 9 were resistant to one antimicrobial agent and 22 (71.0%) were resistant to two or more antimicrobial agents, including 13 strains resistant to two antibiotics (41.9%), seven strains resistant to three antibiotics (22.6%), and two strains resistant to four antibiotics (6.4%). e most common combination of drug resistance was clarithromycin + metronidazole (16 strains, 51.6%) ( Table 2) .
Of the 31 strains, 1 (3.2%) was resistant to tetracycline and none were resistant to rifabutin or furazolidone (Table 3) .
Clarithromycin MIC and Resistance in H. pylori Strains.
e range of MICs for clarithromycin was very broad, from 0.03 to >128 μg/mL. Overall, the MICs of the 31 strains had two distinct peaks (Figure 1 ), with MIC < 0.0625 μg/mL in 37.1% of the isolates and very high MICs in others (e.g., 16, 32, 64, and 128 μg/mL).
e CLSI criterion for clarithromycin resistance is MIC >1 μg/mL. [24] Of the 31 strains tested, 22 were resistant (71.1%) according to this criterion (Table 3) .
Metronidazole MIC and Resistance in H. pylori Strains.
e MIC for metronidazole ranged from 1 to 128 μg/mL (Figure 1 ). e resistance standard for metronidazole was established to exceed 8 μg/mL, which is normally used without established criteria [24] .
e resistance rate according to this standard was 67.7% (21/31).
Simultaneous Clarithromycin and Metronidazole Resistance in H. pylori Strains.
Of the 31 strains studied, 22 showed MDR and 16 strains (51.6%) were resistant to both clarithromycin and metronidazole, accounting for 64% of all MDR strains. Rifabutin and furazolidone had excellent antibacterial activity with no resistant strains.
Quinolone MIC and Resistance in H. pylori Strains.
e MIC for levofloxacin ranged from 0.25 to 64 μg/mL. e criterion for bacterial resistance to quinolone antibiotics is 
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MIC >1 μg/mL [24] . Using this standard, 41.9% (13/31) of the strains were resistant to levofloxacin (Table 3) .
Tetracycline MIC and Resistance in H. pylori Strains.
e MIC for tetracycline ranged from <0.03 to 2 μg/mL (Figure 1 ). Only 1 of the 31 strains was resistant to tetracycline.
Rifabutin and Furazolidone MIC and Resistance in H. pylori Strains.
e MIC for rifabutin ranged from <0.00098 to 0.0078 μg/mL and that of furazolidone from <0.03 to 0.5 μg/mL (Figure 1 ). e criteria for resistance are MIC >0.25 μg/mL for rifabutin and MIC >4 μg/mL for furazolidone. None of the 31 strains was resistant to either drug. 
Discussion
In this in vitro analysis of antimicrobial effectiveness, we aimed to investigate which of the antibiotics were effective for multidrug resistance H. pylori and found that rifabutin and furazolidone had excellent potential for eradicating not only single-drug-resistant H. pylori but also MDR H. pylori through culture-based data in Korea. No strains were resistant to rifabutin or furazolidone, which had very low MICs of <0.00098 and 0.5 μg/mL, respectively, for all strains. Tetracycline also had low MICs, which were <2 μg/ mL for all but one resistant strain. erefore, along with tetracycline which has already been used as a component for second-line eradication regimen for Helicobacter, rifabutin and furazolidone, alone or in combination, could be used to eradicate antibiotic-resistant H. pylori strains. In comparison, amoxicillin and levofloxacin were only partially effective against the H. pylori strains in this in vitro study.
To our knowledge, this is the first in vitro antimicrobial analysis of antibiotics candidate, rifabutin, and furazolidone, in MDR H. pylori in Korea where clarithromycin resistance rate exceeds 15%.
Studies have explored several antibiotics as rescue therapy following the failure of first-and second-line treatment in Korea. Sung et al. evaluated the efficacy of rifabutin-based rescue therapy among patients with third-, fourth-, or fifth-line eradication failure [30] . Rifabutinbased rescue therapy had an approximately 55% eradication rate with few side effects. Jeong et al. reported that rifabutin-based therapy eradicated over 70% of H. pylori in third-line rescue therapy in 21 patients [31] . ere might be several reasons for the variation in the eradication rate of rifabutin-based therapy in Korea. First, the sample sizes of these studies were small. Second, because H. pylori eradication failure is diagnosed using the rapid urease test after treatment, the causes of eradication failure were unclear. Major causes of eradication failure apart from drug-resistant H. pylori are loss of compliance with treatment, the density of H. pylori in the stomach wall, presence of CagA, and smoking. In our in vitro antibacterial efficacy analysis of drug-resistant H. pylori, rifabutin showed excellent antimicrobial activity in MDR H. pylori. To our knowledge, this is the first in vitro analysis of rifabutin in MDR H. pylori. Given the high rates of tuberculosis infection and antituberculosis medication use in Korea, the low rate of rifabutin-resistant Helicobacter spp. is interesting. Before selecting rifabutin as rescue therapy in Korea, clinicians should carefully monitor its major side effects, including rare myelosuppressive events [27, 30, [32] [33] [34] , strictly limit its use to confirmed eradication cases, and monitor patient compliance closely to avoid the development of rifamycinresistant tuberculosis [32] .
Another option for third-line rescue therapy in Korea is furazolidone. In a meta-analysis, Mohammadi et al. reported an H. pylori eradication rate exceeding 80% and a low rate of side effects in Iran, where MDR H. pylori is common [35] . In a multicenter randomized controlled trial in China, where MDR H. pylori is also common, Xie et al. reported an eradication rate with furazolidone of up to 90% in 720 patients with H. pylori [36] . Despite limited data on furazolidone as a Helicobacter spp. treatment in Korea, Kim et al. reported a 1.5% resistance rate in firstline treatment failure patients [37] . However, their study was conducted in 2001 and recent data on furazolidone for Helicobacter spp. eradication in Korea are not available. Because the antibacterial resistance rate differs among countries, large multicenter population-based studies are needed in Korea. Our study showed that furazolidone has an extremely low rate of resistance in drug-resistant H. pylori in vitro.
Tetracycline is one component of bismuth-based quadruple therapy (PPI, bismuth, metronidazole, and tetracycline), which is effective for Helicobacter spp. eradication, especially in areas with high levels of clarithromycin resistance [13, 38] . In our in vitro study, only one strain of drug-resistant H. pylori was resistant to tetracycline, suggesting that tetracycline is still effective for drug-resistant H. pylori eradication in Korea.
is study had several limitations. First, it did not confirm the eradication rate by actually treating the patients, so it is impossible to know how the in vitro results will correspond to in vivo effects. Further studies need to confirm the eradication rate of furazolidone and rifabutin and safety in actual patients. Second, because we studied antibioticresistant H. pylori strains that were selected randomly, our result might not reflect the general prevalence of antibioticresistant H. pylori in Korea; selection bias could be an issue. Nevertheless, this was the first study of the effectiveness of rifabutin and furazolidone in Korea though H. pylori culture data, and almost all of the antibiotics used in clinical practice for H. pylori eradication in Korean were covered.
ird, because the antibiotic resistance data for H. pylori were relatively small in this study, it should be cautious for physicians to generalize these results to a general population or other ethics. Given that the cost and time to obtain results of MIC for each antibiotic from culture data of Helicobacter spp., it might be important to invent and use molecular methods to evaluate the resistance of drugs directly in biopsies samples when it is impossible to isolate the strains [39] .
In conclusion, this study showed that rifabutin, furazolidone, and tetracycline, alone or in combination, are promising candidates for rescue therapy of antibiotic-resistant H. pylori strains, as no definitive rescue therapy for H. pylori eradication is available. A future eradication regimen could potentially be designed based on these results.
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